We used a novel atomic force microscopy (AFM)-based technique to compare the local viscoelastic properties of individual gram-negative (Escherichia coli) and gram-positive (Bacillus subtilis) bacterial cells. We found that the viscoelastic properties of the bacterial cells are well described by a three-component mechanical model that combines an instantaneous elastic response and a delayed elastic response. These experiments have allowed us to investigate the relationship between the viscoelastic properties and the structure and composition of the cell envelope. In addition, this is the first report in which the mechanical role of Lpp, the major peptidoglycanassociated lipoprotein and one of the most abundant outer membrane proteins in E. coli cells, has been quantified. We expect that our findings will be helpful in increasing the understanding of the structureproperty relationships of bacterial cell envelopes.
The surface layers that isolate the interior of a bacterial cell from its external environment play a crucial mechanical role in the survival of the cell. They must be strong enough to maintain the cellular shape and resist turgor pressure yet, at the same time, be flexible enough to allow cell growth and division. Their elastic response is evident from their ability to recover from transient deformations, such as those induced by the incorporation of additional surface components (e.g., proteins) in response to changes in environmental conditions and the passage of small molecules across the cell boundary. It is therefore clear that understanding many aspects of cell physiology requires knowledge of the mechanical properties of cells.
The mechanical properties of the cell originate from the structural organization of the constituent lipids, sugar polymers, and proteins. Lipid molecules are brought together by their hydrophobic domains to form bilayers (membranes) that also incorporate different types of proteins. Polymeric strands of sugar molecules are typically cross-linked by flexible peptide molecules to form the peptidoglycan layer (27) . Sometimes, an additional layer of proteins (S layer) is found on the outermost surface of the cell (7, 8, 40) . Depending on the structural organization of the peptidoglycan and lipid bilayers, bacteria can generally be divided into gram-positive and gram-negative bacteria. In gram-positive cells, there is a relatively thick (20-to 35-nm) peptidoglycan layer that, together with the plasma membrane, sandwiches a viscous compartment called the periplasm (31, 32) , whereas the envelope of gram-negative cells is made up of two lipid bilayers, the inner and outer membranes, separated by the periplasm, which contains a thin (3-to 8-nm) peptidoglycan layer (5, 33) . In gram-negative bacteria, lipoproteins are associated with both the peptidoglycan layer and either the inner or outer membrane. Here, the "lipo" substituent is inserted into the hydrophobic domain of the membrane and the "protein" portion is linked to the peptidoglycan layer by either covalent or electrostatic bonds (18) . Loss or altered expression of lipoproteins has been shown to affect cell shape generation and/or membrane integrity (10, 11, 13, 36, 43, 46) , suggesting a possible mechanical role for these peptidoglycan-associated proteins.
Although the structure and chemistry of the gram-negative and gram-positive bacterial cell envelopes are well known, information about their mechanical properties has been difficult to elucidate. The simple stretching model used by Isaac and Ware (21) to describe the flexibility of bacterial cells indicated differences in the deformability of bacterial cells. Further advances in the characterization of the mechanical properties of bacterial cells were achieved by using bacterial threads, which are so-called macrofibers obtained from cultures of a cell-separation-suppressed mutant that were investigated by standard fiber-testing techniques (34, 48, 49) . The requirement to use filament-forming mutants for this mechanical measurement has restricted the studies to date to the gram-positive bacterium Bacillus subtilis. In these studies, bacterial threads of B. subtilis were shown to be viscoelastic by performing creep experiments, a transient rheological technique in which a known force is applied to the material and the resulting extension (or deformation) is measured over time. The properties measured in these experiments were extrapolated to those of the individual cells, often with tenuous lines of inference. Recently, remarkable advances have been made in applying atomic force microscopy (AFM) to quantify the mechanical properties of individual microbial cells (15, 55) . Typically, AFM force-indentation curves, which represent the relationship between a loading force and the depth of the indentation as the tip at the end of the AFM cantilever pushes onto the sample surface, are measured. Quantitative information on the elasticity of the sample is then obtained from the force required to achieve a certain depth of penetration (3, 16, 37, 51) . It is only recently that direct creep measurements have become possible at the individual cell level by using AFM (50) . In AFM creep experiments, the loading force is maintained at a constant value by controlling the cantilever deflection, while the displacement of the cantilever base generated by the sample response to the applied load is measured as a function of time. The sample creep response can be then analyzed with theoretical mechanical models to provide quantitative information on sample viscoelasticity.
In the present study, we used AFM creep experiments to probe and compare for the first time the local viscoelastic properties of individual gram-positive (B. subtilis) and gramnegative (Escherichia coli) bacterial cells. These experiments have allowed us to investigate the relationship between the viscoelastic properties and the structure and composition of the cell envelope. In addition, this is the first report in which the mechanical role of Lpp, the major peptidoglycan-associated lipoprotein and one of the most abundant outer membrane proteins in E. coli cells, has been quantified. We expect that our findings will be helpful in increasing the understanding of the structure-property relationships of bacterial cell envelopes.
MATERIALS AND METHODS
Bacterial strains, growth condition, and harvesting. E. coli DLP79-22 (lpp ϩ ) (47) and E. coli DLP79-36 (a strain with a mutated lpp) (22) were kindly supplied by H. Tokuda, University of Tokyo, Tokyo, Japan. The E. coli strains, together with the B. subtilis 168 strain, were maintained on Trypticase soy agar (Becton, Dickinson and Company) and cultured in Trypticase soy broth (Becton, Dickinson and Company) at 37°C for 16 h on a rotary shaker (150 rpm) to late exponential growth phase. Bacteria were harvested by centrifugation (5 min at 1,150 ϫ g), washed twice, and resuspended in deionized water.
Isolation of MVs and biochemical characterization. Membrane vesicles (MVs) from E. coli DLP79-22 and DLP79-36 were isolated following the protocol described previously (23) . The protein was quantified with a micro-bicinchoninic acid protein assay kit (Pierce Bioassay) using bovine serum albumin as the standard. Samples were assayed in triplicate. The amount of 3-deoxy-D-mannooctolusonic acid (Kdo) present in the samples was determined by the periodic acid/thiobarbituric acid method described by Hancock and Poxton (17) and assayed in triplicate, and the results are given as means Ϯ standard deviations. Samples were hydrolyzed for 30 min. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis assessment of protein composition was performed using the method described by Kadurugamuwa and Beveridge (23) with 40 g of protein loaded per lane. Broad-range molecular weight markers were purchased from Bio-Rad.
Transmission electron microscopy (TEM). Whole-mount preparations and embedding of cells for thin sections were performed as previously described (41) . The sections were poststained with 2% (wt/vol) uranyl acetate and Reynold's lead citrate (52) . All samples were examined using a Philips CM10 transmission electron microscope operating at an acceleration voltage of 80 kV under standard operating conditions. Images were archived using the iTEM program (version 5.0; Soft Imaging Systems, Münster, Germany).
AFM sample preparation. An important requirement for AFM investigations is that the sample be immobilized on a surface. For this purpose, an aliquot of bacterial suspension of ϳ10 5 cells per ml was allowed to adhere through electrostatic interactions to a very thin layer of poly-L-lysine on a glass substrate that was prepared as previously described (57) . After 15 min, the bacterium-coated glass substrate was rinsed with deionized water to remove loosely attached bacteria and then transferred to the AFM for immediate measurement.
AFM imaging and force data acquisition. All AFM measurements were conducted at room temperature under Milli-Q water (resistivity, 18.2 M⍀-cm) using an Asylum MFP-3D atomic force microscope (Asylum Research, Santa Barbara, CA). Unless otherwise stated, imaging of the cells was performed in contact mode at low applied force (ϳ1 nN) at a scan rate of 1 Hz using Si 3 N 4 V-shaped cantilevers that have a pyramid-shaped tip with a typical radius of curvature of 20 nm (OTR4; Veeco). Force measurements were performed using Si 3 N 4 V-shaped cantilevers with colloidal silicon oxide tips with a tip radius of curvature of 300 nm (Novascan Technologies, Inc.). Prior to use, the spring constant of each cantilever was determined using the thermal fluctuation method (29) . Typically, the cantilever spring constant was 0.07 Ϯ 0.01 N/m. To determine the elastic and viscous contributions to the mechanical properties of the cells, force-time curves were collected at the center of the tops of individual cells. Data were not collected near the edges of the bacterial cells, since slipping of the AFM tip can occur, which is known to give rise to inaccurate results (3). For force-time curve acquisition, the AFM tip was lowered at a constant rate of 72 nN/s toward the cell surface until a preset value of the loading force, F 0 , was reached. The loading force F 0 was then held constant for a 10-s period by controlling the cantilever deflection, d, where F 0 is equal to k ϫ d and k is the cantilever spring constant, and the cantilever base displacement was measured by monitoring the vertical movement (Z) of the z-piezoelectric transducer. For samples such as bacterial cells that are less stiff than the cantilever, the deflection of the cantilever during the approach of the AFM tip to the sample can be assumed to result exclusively from the mechanical indentation of the cell (50) . Because of this, the approach part of the force-time curves was used to generate force-indentation curves according to the method described previously (3, 38) . The data collected during the time of contact between the AFM tip and the bacterial cell represents the time-dependent deformation of the bacterial cell in the presence of a constant loading force, i.e., the cell creep response, which is a distinct feature of viscoelastic materials. A more detailed description of force-time curve acquisition and interpretation can be found in A-Hassan et al. and Vadillo-Rodriguez et al. (1, 50) . To investigate the dependence of the cell mechanical response on the magnitude of the loading force F 0 , the force was varied between 2 and 10 nN. Three force-time curves were collected per cell for each value of F 0 , and five cells from different cultures were studied. Thus, each set of the cell viscoelastic parameters reported in this study was calculated as the average of the values obtained from the analysis of 15 force-time curves for each experimental condition. The reproducibility of consecutive force-time curves obtained under the same experimental conditions indicated that there was no plastic deformation (i.e., irreversible deformation) taking place on the time scale of the measurements. As a control, a set of force-time curves were recorded on clean glass substrates for each experimental condition investigated.
Evaluation of the creep response: viscoelastic parameters. The viscoelastic behavior of materials can be modeled as combinations of elastic elements (springs) and viscous elements (dashpots) (53) . These models are used to derive equations that describe the deformation of the material under investigation. One of the simplest models that predicts creep behavior is called the standard solid (14) , which is shown schematically in Fig. 1 . It consists of an elastic spring, which describes an instantaneous elastic deformation, placed in series with a parallel combination of a spring and a dashpot (Kelvin-Voigt element), which describes a delayed elastic deformation. We have used the standard solid model to interpret the creep data obtained for bacterial cells in the present study, since we obtained evidence for both an elastic and a delayed elastic response. We have not allowed for the possibility of viscous flow because the deformations observed in the present experiments are reversible to within the precision of the experiment. 
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Based on the standard solid model, we have derived the following equation, which we have used to describe the experimentally observed creep response:
where Z(t) is the position of the z-piezoelectric transducer as a function of time (t), F 0 is the magnitude of the loading force, k 1 and k 2 are the spring constants, and 2 is the viscosity characterizing the cell surface. The ratio 2 /k 2 is the so-called characteristic response time, , corresponding to the time during which the sample deforms by 1 Ϫ exp(Ϫ1) (or 63.2%) of the total creep deformation. The fits of the creep deformation data to this model were found to be very good, with linear correlation coefficient values that were close to 1 (R 2 Ն 0.96).
RESULTS AND DISCUSSION
TEM and AFM image analysis. TEM micrographs of thin sections of a gram-positive bacterium, B. subtilis 168, and two gram-negative cells, E. coli (lpp ϩ ) and its Lpp mutant E. coli (lpp), are shown in Fig. 2a, b , and c, respectively, together with enlarged views of cross sections through their cell envelopes. The profound structural differences between gram-positive and gram-negative cells can be clearly observed. The peptidoglycan layer of B. subtilis 168 was ϳ26 nm thick and amorphous in appearance. The outermost surface of the gramnegative cells presented the typical bilayered profile expected of membranes, with the peptidoglycan layer appearing as a thin electron-dense layer lying in close apposition to the inner surface of the outer membrane. In addition, while the outer surface of the gram-negative wild-type cell appeared smooth, that of its mutant showed uneven, small, irregular protuberances, some of which were observed to pinch off (Fig. 2c) , forming MVs of various sizes. Whole-mount observations of the two strains indicated that the wild-type strain produced few MVs, whereas the mutant strain produced substantial amounts of MVs. The wild-type strain was shown to produce 118 Ϯ 4 g MV protein/liter of cell culture, whereas, in agreement with the visual observations made by TEM, the mutant strain produced a much larger concentration: 2,711 Ϯ 109 g MV protein/ liter of cell culture, ϳ23 times that of the wild-type strain. Previous observations of the relative quantities of MVs produced by other E. coli wild-type and lpp strains have been described (5, 11, 12, 42) , with similar results reported. The morphological alteration of the lpp mutant strain indicated that the peptidoglycan-lipoprotein complex was involved in maintaining the integrity of the cell envelope structure (10) . The total peptidoglycan-lipoprotein complex is a covalent structure in which the lipid is inserted into the hydrophobic domain of the outer membrane and the protein is covalently linked to the peptidoglycan. The link between the lipoprotein and the peptidoglycan is lysine, and trypsin digestion of this bond was shown by Braun and Rehn (10) to cause structural distortion of the E. coli cell envelope. From this point of view, the peptidoglycan-associated Lpp can be considered to be a true structural protein. Examination of Fig. 2b also indicates that the peptidoglycan-lipoprotein complex is evenly distributed over the entire cell surface layer.
Individual cells of B. subtilis 168, E. coli (lpp ϩ ), and E. coli (lpp) strains were also imaged with AFM using pyramidal tips while increasing the loading force during the collection of the images (Fig. 3) . These images are intended only to show the relative deformability of each bacterial strain, and they were not used to obtain quantitative mechanical deformation values; only measurements performed at the centers of the bacterial cells were used for quantitative analysis, as noted above. Nonetheless, these measurements revealed that, for the same loading force, the cell surface of the lpp mutant strain (see cross section in Fig. 3c ) was more easily deformed than that of either its parent strain (Fig. 3b) or the gram-positive cell (Fig. 3a) , with the latter being the least deformable of the three strains. Subsequent imaging of the same cells at low values of the loading force showed that, for all three cell types, the deformation previously induced was completely reversible, indicating that both gram-positive and gram-negative cells are capable of experiencing reversible, nondestructive deformations. The extent of the reversible deformation depends on the composition and interaction of the various structural components of the cell envelope. For instance, the peptidoglycan layer is a single, covalently linked macromolecular structure that has been shown to be quite elastic (25, 30, 56) , a property that is mainly attributed to the flexibility of the tetrapeptide molecules that cross-link the rather rigid glycan strands. It is reasonable to assume that the elastic strength of the cells will likely depend on the thickness of the peptidoglycan layer, and thus, for the same values of the loading force, B. subtilis 168 was expected to be less deformable than the E. coli strains. The differences found in the levels of deformability between the E. coli strains further suggest that it is not only the thickness of the peptidoglycan layer, but also the bound form of the peptidoglycan-lipoprotein complex, which contributes to the rigidity of the cell envelope. Lipid bilayers, on the other hand, can deform only slightly (between 2 and 5%) before rupturing or buckling upon compression (24) , and therefore, it is perhaps surprising that the cells can withstand the large deformations induced by the AFM tip without apparent disruption of their envelopes. It is important to note that large curvatures of the outer and inner membranes are known to occur naturally for bacterial cells, leading to cell division or to the formation of MVs (6, 24) . Recent studies have proposed that membrane curvature in living cells is generated by specialized proteins that are bound to or inserted into the lipid bilayer (26, 39) . The outer membrane of gram-negative cells and the inner membrane of gram-negative and gram-positive cells are known to contain numerous proteins, some of which have yet to be identified (4, 45) . It is possible that some of these proteins provide bacterial cell membranes with the elasticity that is required for a variety of physiological processes to take place, such as growth and division. The values of the ratio of Kdo, a molecule found solely in lipopolysaccharide and therefore in the outer membranes, to protein indicated similarity between the wild-type and mutant E. coli cells (16 Ϯ Ͻ1 g Kdo/mg cell protein and 17 Ϯ Ͻ1 g Kdo/mg cell protein, respectively). In contrast, the MVs from the two strains were found to differ substantially-the parent strain MV contained 57 Ϯ 2 g Kdo/mg MV protein, and the Lpp mutant contained 669 Ϯ 36 g Kdo/mg MV protein and was indicative of alterations to the cell surface, as indicated by TEM and AFM images. More detailed analysis of the outer membrane chemistry would be beneficial to understanding whether the loss of Lpp has knock-on effects, which results in significantly altered chemistry, or whether the loss of this single protein simply causes these drastic alterations. This is even more important when one considers the impact of environmental conditions upon cell physiology (19) . For example, under certain conditions, Lpp may be downregulated and the chemistry of peptidoglycan altered (2, 20) , with possible implications for the regulation of MV production during pathogenesis. EM and AFM imaging also showed that the E. coli (lpp) cells, lacking the structural link between the outer membrane and the peptidoglycan layer, are shorter than the wild-type E. coli (lpp ϩ ) cells. EM image analysis provided an average size of 1.3 Ϯ 0.2 m by 0.8 Ϯ 0.1 m for the E. coli mutant cells, whereas the average size was 2.1 Ϯ 0.4 m by 0.8 Ϯ 0.1 m for the E. coli wild-type cell. Nevertheless, the growth and division of the mutant strain was not inhibited or impaired, indicating that the bound form of this particular peptidoglycan-lipoprotein complex is dispensable for the vital process of cell growth and division.
Force-indentation curves: cell surface elasticity. Elastic properties, i.e., reversible deformation of cells, can be quantified by measuring AFM force-indentation curves, which represent the relationship between the loading force and the depth of indentation as the AFM tip is pushed against the cell surface. An example of force-indentation curves for B. subtilis 168, E. coli (lpp ϩ ), and E. coli (lpp) is shown in Fig. 4 for (35) . The gram-positive B. subtilis 168 is ϳ2.3 times stiffer than the E. coli wild type and ϳ4.0 times stiffer than the E. coli mutant. Curiously, the ratio of the effective cell spring constants for B. subtilis 168 and the E. coli mutant closely corresponds to the ratio of the thicknesses of their respective peptidoglycan layers (ϳ3.9) (32, 33), suggesting that the elastic behavior of the cells might be dominated by the elastic nature of the peptidoglycan layer. However, the differences between the elastic constant values for the E. coli strains indicated that the link between the outer membrane and the peptidoglycan layer also contributes to the elasticity of the cells. The presence of the bound form of the peptidoglycan-lipoprotein complex increased the rigidity of E. coli cells by a factor of 1.7.
Although the effective elastic spring constant is the most commonly reported parameter to characterize the mechanical properties of cells (16, 33, 51, 56) , it does not provide a complete description. As we will see below, bacterial cells are more generally described as viscoelastic materials.
Creep-deformation curves: cell surface viscoelasticity. The data collected during the time of contact between the AFM tip and the bacterial cells in force-time curves demonstrate that the cells undergo a time-dependent deformation in response to a constant applied force, i.e., they creep. Because creep deformation is a distinct characteristic of viscoelastic materials, bacterial cells are more properly described as viscoelastic. An example of creep deformation for B. subtilis 168, E. coli (lpp ϩ ), and E. coli (lpp) is presented in Fig. 5 for an applied force of 6 nN. It can be seen that, for all three cells, the creep deformation increased monotonically with time, asymptotically approaching an equilibrium value, ⌬z. This behavior was observed for all of the values of the loading force F 0 used in this study. We also found that the overall deformation, ⌬z, generated during the 10-s period of contact between the AFM tip and the cell surface was directly proportional to the loading force for each cell type investigated, as shown in Fig. 6 , indicating that the experiments were performed in the linear viscoelastic regime.
Since we obtained evidence for both an elastic and a delayed elastic response for the B. subtilis 168 and the two E. coli strains, we fitted the creep deformation data to the standard solid model to extract the cell viscoelastic parameters, i.e., k 1 , , and E. coli (lpp) (c) cells obtained for an applied force F 0 value of 6 nN using colloidal AFM tips. Note that the creep curves have been offset to begin at 0 nm, whereas for the mathematical analysis of these curves using equation 1, the first data point was taken as the indentation measured from the corresponding force-indentation curve after the desired load F 0 was reached. The total creep deformation experienced by the cells is indicated in the plot as ⌬z. Table 1 for the different cells, since the values do not vary significantly within the range of F 0 values studied. This finding verifies that our experiments were carried out in the linear regime of viscoelasticity. The parameters of the standard solid model used to describe the creep response of the cells have well-defined physical meanings. The spring constant k 1 is a measure of the effective spring constant of the cells and therefore determines the instantaneous elastic deformation that the cells undergo after the sudden application of a force, F 0 . It is for this reason that the values obtained for k 1 for each of the cells studied is the same as the sample stiffness determined from the analysis of the force-indentation curves. The spring constant k 2 and the dashpot viscosity, 2 characterize the delayed elastic deformation. The ratio 2 /k 2 is the response time , and it characterizes the time during which the delayed elastic deformation occurs. We found that the values of are 2.55, 1.12, and 0.91 s for B. subtilis 168, E. coli (lpp ϩ ), and E. coli (lpp), respectively, indicating that B. subtilis 168 cells reach the asymptotic creep deformation value ⌬z faster than the E. coli strains, with the lpp mutant taking the longest time to reach ⌬z. The value of the spring constant k 2 also determines the magnitude of ⌬z and thus is a measure of the stiffness of the cells for the delayed elastic response. In this regard, B. subtilis 168 is stiffer in its delayed elastic response than the E. coli strains (see the values of k 2 in Table 1 , as well as the extent of the total deformation experienced by the cells during creep in the example shown in Fig. 5) , and the lpp mutant is again the softer of the two E. coli strains. Note that the applied force in force-time curves was ramped at a constant rate of 72 nN/s. For the range of loading forces investigated (2, 4, 6, and 10 nN), this corresponds to a total loading time that varies between 0.03 and 0.14 s to achieve the desired load. This loading time is substantially shorter than the characteristic response time of the cells, and it is for this reason that the total deformation experienced by the cells in the AFM creep experiments can be separated into two contributions: an immediate elastic deformation defined by k 1 , followed by a delayed elastic deformation defined by the viscoelastic constants k 2 and 2 .
The contributions of the different cell surface layers to the mechanical properties of the cells can also be separated based on differences in their physical natures. For instance, cell stiffness, which is required to maintain shapes other than spherical, can only be a property of the cell wall. This was shown in a study of the disruption of rod-shaped bacteria with chemical treatments, which resulted in the formation of round, wall-less cells (i.e., spheroplasts), with the isolated peptidoglycan sacculi retaining the rod shape of intact cells (28, 54) . Moreover, while spheroplasts are osmotically sensitive, isolated E. coli sacculi have been shown to reversibly expand or contract up to 300% from their relaxed state in response to electrostatic factors (25) . Mechanical perturbation of isolated sacculi studied using AFM later confirmed that this surface layer is flexible and elastic, springing back readily to its original position after the external pressure applied by the AFM tip was removed. Spheroplasts were found to be so easily deformed by the AFM tip that it has not been possible to estimate an effective spring constant for the wall-less cells, i.e., they appeared softer than the soft AFM cantilevers typically used for the study of cells (44) . Therefore, the results of the present study, as well as the previous studies mentioned above, led us to suggest that the elastic response of the cells is largely dominated by the physical nature of the peptidoglycan network. Moreover, it has been frequently suggested that the peptidoglycan-associated proteins found in E. coli might also contribute to the rigidity of the cells (9, 10, 46), as discussed above. In the present study, we found that, in the absence of the bound form of the lipoprotein, the envelope of the E. coli cells was 42% less rigid (see the values of the effective cell spring constant k 1 in Table 1 ), and thus, for the first time, we have demonstrated quantitatively the in vivo mechanical role of the peptidoglycan-lipoprotein complex.
Although the elastic nature of the peptidoglycan layer and, to a lesser degree, the nature of the bonding between the peptidoglycan layer and the cell membranes likely dominate the elastic response of the cells, it is also necessary to assess the contribution of the membranes to the viscoelastic response of the cells. On the nanoscale, components such as lipids and proteins are in continual motion. It is this motion that provides membrane bilayers with their liquid-like character. Because of the inertial and viscous properties of the bilayer, it will provide resistance to deformation upon the application of an external force. This resistance to deformation likely introduces a temporal delay in the response of the cell to external forces, leading to the measured delayed elastic deformations. A number of properties affect membrane fluidity, including the bilayer thickness, the hydration state of the lipid head groups, interfacial polarity, and charge. Quantification of the delayed elastic response for the cells investigated in the present study showed that the gram-negative E. coli lpp mutant is less viscous than the wild type and thus offers less resistance to deformation (see the values of the viscous parameter 2 in Table 1 ). It has been estimated that about 250,000 lipoprotein molecules per E. coli cell are distributed 10.3 nm apart along the glycan strands of the peptidoglycan (9) . Whereas the protein portion of these lipoproteins is covalently linked to the peptidoglycan, the lipid portion is deeply embedded in the hydrophobic domain of the outer membrane, strongly interacting with other membrane components. It is conceivable that this strong interaction could reduce the fluidity of the membrane, which is consistent with Table 1 ). This is not an unexpected result, considering that the envelopes of gram-positive bacteria consist of only a single membrane, i.e., the plasma membrane, buried below a relatively thick peptidoglycan layer. The magnitude of the instantaneous elastic deformations due to the initial loading of the applied force F 0 ranged between 25 and 84 nm for B. subtilis 168 cells for the range of loading forces investigated (see the indentation values in Fig. 4 ). This means that the deformations initially produced by the AFM tip are equal to or larger than the thickness of the peptidoglycan layer of this gram-positive cell, and hence, we are also probing the properties of its plasma membrane during the measurement.
In summary, we have demonstrated that gram-positive and gram-negative bacteria have a viscoelastic response to an external compressive force applied by an AFM tip. In particular, the cells exhibit a viscoelastic solid-like behavior that is characterized by an instantaneous elastic deformation followed by a delayed elastic deformation. Comparison of the results obtained for the different strains suggests that the instantaneous elastic response might be dominated by the properties of the peptidoglycan layer and the nature of its association with the membranes, whereas the delayed elastic response is more likely to arise from the liquid-like character of the cell membranes. It is remarkable that the influence of the peptidoglycan-lipoprotein Lpp was easily discerned in the viscoelastic response of E. coli cells, quantitatively corroborating for the first time the mechanical role of the peptidoglycan-lipoprotein complex. We envision that this type of measurement will play an important role in helping to elucidate structure-property relationships for bacterial cells. Ultimately, estimation of cell mechanical properties could become a valuable technique for testing the effects of drugs that target different components of the cell envelope.
